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metal back sputtering 1n specific regions of the integrated
circuit during ion beam etch. MRAM pillars within the
memory array have larger widths than the underlying bottom
clectrodes while those within the physical unclonable func-
tion array have smaller widths than the underlying bottom
clectrodes. Metal residue deposited over tunnel barrier lay-
ers causes random electrical shorting of some of the MRAM
pillars within the physical unclonable function array.
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PHYSICAL UNCLONABLE FUNCTION FOR
MRAM STRUCTURES

BACKGROUND

The present mvention relates generally to the electrical,
clectronic and computer arts and, more particularly, to
physical unclonable functions with arrays of magnetic tun-
nel junction (MTJ) memory devices.

A physical unclonable function (sometimes also called
physically unclonable function), or PUF, 1s a physically-
defined “digital fingerprint” that serves as a unique 1dentity
for a semiconductor device such as a microprocessor. They
are based on unique physical variations which occur natu-
rally during semiconductor manufacturing. A PUF 1s a
physical entity embodied 1n a physical structure. PUFs can
be implemented in integrated circuits and are typically used
in applications with high security requirements, more spe-
cifically cryptography.

Security 1s an important factor in interconnected environ-
ments, and hardware protection 1s important as security at
the network and system levels. Silicon physically unclon-
able functions (PUFs) are increasingly used as a hardware
root of trust and an entropy source for cryptography appli-
cations. In such applications, the reliability of PUF output 1s
key to a successiul implementation. Both weak and strong
PUFs obtain output by amplifying analog signals from
physical properties on IC blocks (e.g. propagation delay,
ring oscillator, time-controlled oxide breakdown or thresh-
old voltage of SRAM transistors). These physical measure-
ments are by nature sensitive to environmental conditions,
such as temperature, operating voltage, thermal/interface
noise of transistors, process corners and aging. As a result,
it may be dificult to obtain a stable PUF output without
taking additional stabilization and error-correction tech-
niques, €.g. temporal majority voting (IMV), pre-burning,
on PUF bits for end-of-life (EOL) prediction and rehability
screening, masking algorithms, as well as leveraging parity
bits for an Error-Correcting-Code (ECC).

BRIEF SUMMARY

MRAM PUF arrays are formed with metal randomly
deposited at tunneling barriers of MRAM devices within
such arrays, thereby randomly electrically shorting the
devices and facilitating random variations in the physical
characteristics of the devices comprising the MRAM PUF
arrays.

A method of fabricating an MRAM structure including a
physical unclonable function and a memory array includes
forming a stack including a magnetic tunnel junction and a
top electrode layer over an interlevel dielectric layer com-
prising a plurality of bottom electrodes and forming first and
second arrays of MRAM pillars from the stack by subjecting
the stack to etching. The formation of the arrays of MRAM
pillars causes the MRAM pillars 1in the first array to have
smaller widths than the bottom electrodes 1n a first region of
the interlevel dielectric layer and causes electrical shorting
of some of the MRAM pillars 1n the first array. Formation of
the MRAM pillars further causes the MRAM pillars 1n the
second array to have larger widths than the bottom elec-
trodes 1n a second region of the interlevel dielectric layer.

In a further aspect of the invention, an itegrated circuit
includes a first array of MRAM pillars comprising a {first
physical unclonable function and adjoining, respectively, a
plurality of first bottom electrodes, the MRAM pillars 1n the
first array having smaller widths than the first bottom
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clectrodes, and a second array of MRAM pillars comprising
a memory array. The MRAM npillars 1n the second array
adjoin, respectively, a plurality of second bottom electrodes
and have larger widths than the second bottom electrodes.

Techniques and structures as disclosed herein can provide
substantial beneficial technical effects. By way of example
only and without limitation, one or more embodiments may
provide one or more of the following advantages:

compatible with embedded MRAM technologies;

additional masks not required during {fabrication of
MRAM PUF arrays;

additional processing steps not required during fabrica-

tion of MRAM PUF arrays;

MRAM PUF array 1s reliable and not influenced by

temperature variation.

These and other features and advantages will become
apparent from the following detailed description of illustra-
tive embodiments thereot, which 1s to be read 1n connection
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings are presented by way of example
only and without limitation, wherein like reference numerals
(when used) indicate corresponding elements throughout the
several views, and wherein:

FIGS. 1A and 1B are schematic, cross-sectional views
showing, respectively, a first region of a dielectric layer
including bottom electrodes having relatively large dimen-
sions d1 and a second region thereof including bottom
clectrodes having relatively small dimensions d2;

FIGS. 2A and 2B are schematic, cross-sectional views
showing, respectively, the structures of FIGS. 1A and 1B
following MRAM stack deposition;

FIGS. 3A and 3B are schematic, cross-sectional views
showing, respectively, the structures of FIGS. 2A and 2B
following formation of MT1J pillars from the MRAM stacks;

FIGS. 4A and 4B are schematic, cross-sectional views
showing, respectively, the structures of FIGS. 3A and 3B
following formation of spacers on the MTIJ pillars and
deposition of an interlevel dielectric layer; and

FIG. 5 1s a schematic, top plan view of a semiconductor
chip including a plurality of MRAM-PUF regions.

It 15 to be appreciated that elements 1n the figures are
illustrated for simplicity and clarnty. Common but well-
understood elements that may be useful or necessary 1n a
commercially feasible embodiment may not be shown 1n
order to facilitate a less hindered view of the illustrated
embodiments.

DETAILED DESCRIPTION

Principles of the present invention will be described
herein 1n the context of illustrative embodiments. It 1s to be
appreciated, however, that the specific embodiments and/or
methods 1llustratively shown and described herein are to be
considered exemplary as opposed to limiting. Moreover, 1t
will become apparent to those skilled 1n the art given the
teachings herein that numerous modifications can be made
to the embodiments shown that are within the scope of the
claims. That 1s, no limitations with respect to the embodi-
ments shown and described herein are mntended or should be
inferred.

Silicon-based devices typically include multiple intercon-
nect metallization layers above a device (front-end-of-line/
FEOL) layer that contains field-effect transistors (FETs) or
other structures. FEOL processing includes high-tempera-
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ture steps for manipulating semiconductor conductivity.
Middle-of-line (MOL) processing includes steps typically
used for fabricating metal contacts for logic circuitry com-
ponents such as field-effect transistors (FETs), resistors,
diodes, and capacitors. Back-end-of-line (BEOL) processmg
involves the creation of metal nterconnecting wires that
connect the devices formed in FEOL processing to form
clectrical circuits.

Magnetic random access memory (MRAM) can offer
relatively fast operational speed than flash memory. Mag-
netic tunnel junctions employed in MRAM bits include two
magnetic layers and a tunnel barrier layer positioned
between the magnetic layers. The magnetic layers can be
characterized as “reference” and “ifree” layers, respectively
while the tunnel barrier can be a thin tunneling oxide layer.
The magnetization direction of one layer of the junction 1s
fixed so that it serves as the reference layer. The magnet-
zation of the free layer can be determined by an electrical
mput. An MTJ includes two stable resistance states for
digital memory applications and multiple states for neuro-
morphic applications. Charge current from the reference
layer to the free layer causes the MTJ to switch between
states by overcoming the energy barrier. Embedded MRAM

may replace flash memory 1n some applications. As
described below, an MRAM PUF array can be created by
randomly shorting MRAM bits within the MRAM PUF
array. The MRAM PUF array(s) 1s incorporated 1n one or
more regions with normally functioning MRAM array(s) on
the same chip and can be used to authenticate the chip.

Dense MTI structures (MRAM bits) can be formed, for
example, in a BEOL layer for memory and neuromorphic
applications. Low-temperature BEOL processes preserve
delicate MTJ devices where both magnetic and tunneling
layers are highly sensitive to excessive temperature treat-
ments during post processing. Narrow access wires (not
shown) run above and below the MTJ memory cells.

Memory devices can be integrated close to the FEOL
layer, 1n special sections on a chip, or alternatively within a
dedicated memory chip. An MRAM 1s one type of memory
device that can be integrated with BEOL CMOS processing
just above the FEOL layer, for example between the M2 and
M3 lines or layers. A first metal layer M1 (not shown)
includes contacts and via conductors (not shown) that are
clectrically connected to the electronic devices 1n the FEOL
layer. A second metal layer M2 1ncludes copper lines that are
clectrically connected to the M1 layer. The memory cell
structures to be formed can, for example, include one access
transistor or can be of cross-point type where all active
clements (transistors) are located at the array periphery. In
either case, the M'TJ] memory element has two connections
through M2 metal lines at the bottom and through M3 metal
lines (not shown) at the top. The bottom M2 line of an MTJ
MRAM cell may connect to the source of an NFET access
transistor while the top M3 line of an MTJ] MRAM cell
connects to array periphery circuitry. Both M3 and M2 lines
can be referred as bitlines. In some embodiments, as many
as 64,000 individual MTJ cells or bits are connected to a
single M3 bitline.

A monolithic structure including chip regions 10-1 and
10-2 as shown i FIGS. 1A and 1B can be obtained
tollowing FEOL processing, formation of metal lines, and
formation of bottom electrodes 24-1, 24-2 within an inter-
level dielectric (ILD) layer 22. The ILD layer 22 may, for
example, be formed from silicon oxide or a low-k dielectric
material such as S1iCOH and possibly include dielectric
sub-layers. Chemical vapor deposition (CVD), including
plasma-enhanced CVD, may be used for the deposition of
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low-k (k less than 4.0) dielectric materials such as porous
S1COH). The bottom electrodes 24-1 1n the chip regions
10-1 have larger dimension(s) than those in the other chip
regions 10-2. As shown i FIGS. 1A and 1B, the dimension
d1 (e.g. width) of the bottom electrodes 24-1 1n the region
10-1 exceeds the corresponding dimension d2 of bottom
clectrodes 24-2 formed in the other region 10-2. The elec-
trodes 24-1, 24-2 are formed within trenches 26-1, 26-2.

Trench openings are conventionally formed 1n a dielectric
layer by using, for example, known damascene techniques.
Photolithography and etching steps follow dielectric layer
deposition. Specifically, a photoresist (not shown) 1s applied
over the dielectric layer. The photoresist can be applied by
any suitable technique, including, but not limited to coating
or spin-on techniques. A mask (not shown), which 1s pat-
terned with shapes defining trench openings, 1s provided
over the photoresist. The mask pattern 1s transierred to the
photoresist using a photolithographic process, which creates
recesses 1n the uncovered regions of the photoresist. The
patterned photoresist 1s subsequently used to create the same
pattern of recesses 1n the dielectric layer through conven-
tional etching typically used for forming trenches. A dry etch
(for example, a reactive 1on etch) may be employed to form
such trenches. The etching selectively removes a portion of
the dielectric (ILD) layer 22. The depth(s) of the trench
openings can be controlled by using a timed etching process.
Alternatively, the dielectric layer may include multiple lay-
ers that may be selectively etched. In such a case, the etch
process selectively removes the upper layer(s) of the dielec-
tric layer, stopping at a lower layer thereof that forms an etch
stop. After formation of the trench openings 26-1, 26-2, the
photoresist may be stripped by ashing or other suitable
process Irom the ILD layer. The resulting structure may be
subjected to a wet clean.

A Turther stage 1n the fabrication process includes depos-
iting a conformal layer of liner material. The conformal
layer of liner maternial lines the sidewalls and bottom sur-
faces of the trenches 26-1, 26-2 or other openings within the
ILD layer 22. The liner material may include one or more
thin layers of material such as, for example, tantalum ('Ta),
tantalum nitride (TaN), titamium nitride (T1N), cobalt (Co),
ruthenium (Ru), tungsten (W), tungsten nitride (WN), tita-
nium-tungsten (T1W), tungsten nitride (WN) manganese
(Mn), manganese nitride (MnN) or other liner materials (or
combinations ol liner materials) such as RuTaN, Ta/TaN,
CoWP, NiMoP, NiMoB which are suitable for the given
application. The thin liner (not shown) serves as a diffusion
barrier layer and adhesion layer. The conformal layer of liner
material 1s deposited using known techniques such as CVD,
ALD, or PVD.

A thin conformal copper (Cu) seed layer can be deposited
over the surface of the liner using PVD, followed by the
clectroplating of Cu to fill the damascene (or dual dama-
scene) openings 1in the ILD layer 22. A thermal anneal stage
tollows electroplating. The overburden liner, seed, and met-
allization materials are then removed by performing a three
step chemical mechanical polishing process (CMP) to pla-
narize the surface of the semiconductor structure down to
the ILD layer 22. A metal cap layer (not shown) may be
selectively deposited on the exposed metal interconnect
layer within the trenches. For example, metals such as
cobalt, ruthentum or manganese may be deposited using
chemical vapor deposition or atomic layer deposition to
form the metal cap layers. Post-deposition cleaning may be
required to ensure there 1s no leakage or degradation result-
ing from possible metal residues on the resulting structure.

Electrodes 24-1 and 24-2 are thereby formed in the ILD
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layer 22 and are electrically connected to copper bitlines
therein. In some embodiments, the bottom electrodes can be
alternative materials, such as TiN only, TaN only, TIN/W, or
other electrical conductors.

The M2 layer may alternatively be referred to as the
bottom or lower line of a memory element or cell or bottom
portion of the bitline 1n accordance with some exemplary
embodiments. An SiICOH dielectric film having a dielectric
constant (k) of about 2.7-2.8 can be employed in forming the
M2 layer or subsequent metallized layers that may alterna-
tively contain MRAM arrays 1n accordance with the teach-
ings herein. Such a dielectric film can be deposited using
PECVD. The film 1s patterned as described above to form
trenches that are later filled with copper and metal caps to
form bitlines and bottom electrodes 24-1, 24-2. The elec-
trodes preferably have relatively low resistance. As the
trenches 26-1, 26-2 1n the different regions 10-1, 10-2 have
different dimensions, the electrodes 24-1, 24-2 formed 1n the
different regions will also have different dimensions. The
clectrodes formed 1n any single chip regions 10-1 or 10-2
preferably have the same dimensions. For example, the
clectrodes 1n the chip region 10-1 to be employed 1n forming
a PUF array have a relatively large width dimension d2
while those 1n the chip region 10-2 to be used 1n forming
normally operating MRAM devices have a relatively small
width dimension dl. Low resistance electrodes can be
obtained by annealing and recrystallization of the deposited
metal.

Referring to FIGS. 2A and 2B, MTJ stack films are
deposited using, for example, physical vapor deposition
(PVD) or 1on beam deposition (IBD). The M1 stack films
may be deposited over all regions of entire chip in which
MRAM devices are to be fabricated. Both 1llustrated chip

regions 20-1 and 20-2 accordingly include portions of the
same MT1J stack.

The tunnel barrier layer 28, for example MgO, can be
formed by oxidizing a metal layer without oxidizing the
underlying reference layer 25. A metal capping layer (not
shown) can be formed over the free layer 27. The metal
capping layer can, for example, be composed of Nb, NbN,
W, WN, Ta, TaN, Ti, TiN, Ru, Mo, Cr, V, Pd, Pt, Rh, Sc, Al
or other high melting point metals or conductive metal
nitrides. The capping layer can have a thickness from two (2)
nm to twenty-five (25) nm. A top electrode layer 30 1s
formed on the capping layer or the free layer 27. The top
clectrode 30 can be composed of Ta, TaN, T1, TiN, Ru, RuN,
RuTa, RuTaN, Co, CoWP, CoN, W, WN or any combination
thereol. The top electrode 30 can have a thickness from two
(2) nm to twenty-five (25) nm.

The patterning of the MTJ stack films to form M pillars
32, two of which are shown 1n each of FIGS. 3A and 3B, 1s
accomplished by a stack etching process. Ion milling (1on
beam etching or IBE) i1s an eflective MTJ stack etching
technique. Dielectric caps 29' are formed on the pillars 32
from a hard mask 29 adjoining the top surfaces of the top
clectrode layer 30. The dielectric caps 29' may comprise
silicon nitride or other composition suitable for 1on beam
ctching of the MTIJ stack film. The dielectric caps are
removed subsequent to 10n beam etching.

Referring again to the exemplary regions 35-1, 35-2 of the
chip shown, respectively, 1n FIGS. 3A and 3B, MTJ pillars
32 are shown following deposition and patterming of the
hard mask and 10n beam etching of an M1 stack film. The
ctching of the MT1J stack film results 1n the formation of
vertical MTJ pillars 32 from the stack film. The vertical
pillars 32 1n one region 35-1 are narrower than the relatively
large electrodes 24-1 over which they are formed. The
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widths of the pillars 32 in the other region 35-2 are greater
than the electrodes 24-2 over which they are formed. The
vertical pillars 32 have the same widths 1n both chip regions
35-1, 35-2 1n one or more embodiments. In an alternative
embodiment, the widths of the electrodes 1n both regions
35-1, 35-2 are the same and the etching process forms
vertical pillars having varying widths. Specifically, rela-
tively narrow MTJ pillars having widths smaller than the
bottom electrode widths would be formed in one or more
regions 35-1. In other region(s) 35-2, relatively wide MTJ
pillars would be formed that have widths greater than the
widths of the bottom electrodes over which they are formed.

Each of the MTIJ pillars 32 includes a magnetic tunnel
junction comprised of a tunnel barrier layer 28 between a
reference layer 25 and a free layer 27. Aluminum oxide and
magnesium oxide are among the compounds that may form
the tunnel barrier layer. The tunnel barrier layer 28 1s made
as thin as possible and typically just three nanometers (3 nm)
or less, to allow for a significant tunneling current. An
ultra-thin tunnel barrier layer 28 makes the MTJ structure
sensitive to high-temperature thermal treatments, for the
adjacent metal element can diffuse into and through such
ultra thin-layer changing its properties. Annealing of a
tformed MT1J stack with an ultra-thin tunnel barrier layer 28
in excess of 500° C. 1s typically avoided. The free layer 27
may be formed of magnetically active metal such as Fe
and/or Co, FeCoB, and combinations thereotf as well as other
interlayers known 1n the art, and may comprise multiple
layers. The reference layer 25 may comprise multiple layers,
including a pinning layer, ferromagnetic layers and a spacer
layer between the ferromagnetic layers. One or more of such
layers 1s 1dentified as the metal layer 23 that adjoins the
reference layer 25 1n the figures. Exemplary materials for
forming the magnetic reference layer include 1ron, nickel,
cobalt, chromium, boron, manganese, and alloys thereof.

A large single array of MT1J pillars (MRAM bits) may be
formed (64 kb to 256 Mb, or larger). Large single arrays of
MTIJ pillars can be replicated several times to get to the
target capacity per product die (e.g. to one (1) Gb). The MTJ
pillars 32 may, in some embodiments, form a “checker-
board” pattern, the pillar spacing (pitch) along a subse-
quently formed top bitline being sixty nanometers or more.
The bottom electrodes 24-1, 24-2 are electrically connected
to metal contact vias which are, in turn, electrically con-
nected to the M1 layer (not shown). The layers of the pillars
32 are not necessarily drawn to scale.

The formation of MTIJ pillars using etching techniques
can leave metallic residues on the pillars. Ion beam etching
(IBE) allows the etching of stacks of multiple matenals
where the vapor pressure of the materials to be removed 1s
negligible, but can leave metallic residues that adversely
aflect performance. The sizes of the metallic residue on
pillar sidewalls may be non-uniform. Moreover, the metallic
residue can be deposited randomly anywhere on the pillar
sidewalls. Accordingly, some of the residue may be depos-
ited over the tunnel barner layer 28. Such residues may
cause electrical shorting of the MRAM device or otherwise
compromise device performance.

Referring to FIG. 3A, one or more regions 35-1 of a chip
are configured after 1on beam etching (arrows) such that the
widths of the bottom electrodes exceed the widths of the
resulting MTJ pillars 32. This configuration (d1>D) facili-
tates back sputtering ol metal from the bottom electrodes
24-1, which 1s normally undesirable during MRAM fabri-
cation. The deposition of back sputter metal can be random,
resulting in residue deposition over the tunnel barrier layer

28 of some MT1J pillars 32 but not others. As shown 1n FIG.
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3 A, one of the two 1llustrated MTJ pillars 32 includes metal
residue 34 over the tunnel barner layer 28 and contacting
both the reference layer 25 and the free layer 27. An MRAM
device including an MTIJ pillar with such metal residue 34
1s electrically shorted while an MRAM device or bit formed
from the other 1llustrated MT1J pillar 1n FIG. 3A will operate
normally. The chip region(s) 35-1 1n accordance with one or
more embodiments includes multiple MTJ pillars that are
clectrically shorted and multiple M'TJ pillars wherein metal
residue, 1f present, does not span the tunnel barrier layers
and does not cause electrical shorting.

The MTJ pillars 32 1n other chip region(s) 35-2 obtained
after etching either lack metal residue or such residue 1is
1nsu

icient to matenally affect MRAM device operation. In
such regions, the widths of the bottom electrodes 24-2 are
smaller than the widths of the pillars 32 (d2<D). There 1s
accordingly no back sputtering of metal from the bottom
clectrodes during 1on beam etching of the MTJ stack in such
region(s). Back sputtering of dielectric material within the
underlying ILD layer 22 does not result in electric shorting
of the M1 pillars and should not materially attect MRAM
device operation in the region 35-2. As schematically 1llus-
trated in FIG. 3B, some dielectric material 1s removed from
the ILD layer 22 during IBE while the underlying electrodes
24-2, protected by the pillars 32, remain intact. In contrast,
both dielectric material and electrode metal are partially
removed during ion beam etch of the region 35-1 where
random electrical shorting of MTJ pillars 1s desired. The
pillars 32 in the two regions 35-1, 35-2 may or may not have
the same width.

An encapsulation layer 1s formed over the MTJ pillars 32.
The encapsulation layer may comprise one layer or a plu-
rality of layers. For example, a conformal dielectric layer
such as silicon nitride can be deposited over the M1 pillars
to provide barrier properties. In embodiments wherein the
encapsulation layer 1s a conformal layer of silicon nitride, a
layer thickness of twelve to fifteen nanometers 1s formed 1n
one or more exemplary embodiments. The silicon nitride
layer extends over the pillars 32 as well as top surfaces of the
ILD layer 22, for example an M2 layer. A silicon nitride
layer having a thickness of five to six nanometers 1s suili-
cient to provide an acceptable copper and oxygen diffusion
barrier when employed 1n conjunction with, for example, an
underlying manganese silicate layer two to three nanometers
in thickness that adjoins the sidewalls of the pillars. A
combined manganese silicate/silicon nitride diffusion barrier
will have a lower average dielectric constant (k) than bar-
riers Con513t1ng only of silicon nitride. Relatively thin cop-
per/oxygen diflusion barrier layers enable nano-MT1 device
fabrication compatible with advanced CMOS scaling.
Dielectric sidewall spacers 36 may be formed from the
conformally deposited layer by employing a reactive 1on
etch.

A turther mterlevel dielectric (ILD) layer 38 1s deposited
over the MTJ pillars 32 and the spacers 36. The ILD layer
38, like interlayer 22, may be formed from silicon oxide or
a low-k dielectric material such as S1iCOH as described
above and may include multiple dielectric sub-layers. Depo-
sition processes for ILD layer 38 should include a gap fill
capability due to underlying topography, e.g. ability to fill 1n
between MTI pillars. Chemical vapor deposition (CVD),
including plasma-enhanced CVD or flowable CVD, may be
used for the deposition of low-k (k less than 4.0) dielectric
material(s) such as porous S1ICOH. Alternatively, a spin-on
deposition of tlowable low-k material can be employed. The
ILD layer 38 fills the spaces between the pillars 32 and
adjoins the spacers 36. The ILD layer 38 can be optionally
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cured using various known curing techniques including
UV-light-assisted cure at below 400° C. The resulting struc-
ture 1s then subjected to chemical mechanical planarization
(CMP) down to the top surtaces of the dielectric (hard mask)
caps 29' to obtain a structure including PUF and memory
regions 40-1, 40-2 as schematically 1llustrated in FIGS. 4A
and 4B.

A top copper bitline or, equivalently, the MRAM baitline
(not shown) 1s formed using an upper metallization layer
such as an M3 layer or other metallized layer. An M3 layer
1s formed similar to M2 layer using damascene methods. An
ILD layer (not shown) 1s first deposited over the regions
40-1, 40-2 shown 1n FIGS. 4A and 4B. Trench openings are
conventionally formed in the ILD layer by using known
damascene techniques. The contact vias (not shown) of this
M3 level make a direct contact with top electrodes 30 of
MTI pillars 32 to form a MRAM bitline. A top (M3) copper
bitline (not shown) 1s electrically connected to the underly-
ing top electrodes 30 of the MT1J pillars by via conductors.
Spacing of adjacent M1 pillars along a top copper bitline
may be about 60 nm or more. The area of an individual
MRAM cell may be less than 0.01 um'. The bitlines allow
normal functioning of the MRAM devices within one or
more memory regions of the chip, such as the region 40-2
illustrated 1n FIG. 4B. The bitlines further enable identifi-
cation of the chip using the devices in the PUF region(s) of
the chip, some of which are expected to operate as normal
MRAM devices and others being electrically shorted due to
the presence of metal residue 34 on the tunnel barrier layers
28 thereot. It will be appreciated that MRAM arrays com-
prising memory regions and PUF regions and corresponding
bitlines as described herein can be formed 1n various layers
of a structure and not necessarily within M2 and M3 layers.

As schematically illustrated in FIG. 5, a semiconductor
chip 50 comprising an integrated circuit can be provided that
includes multiple PUF regions or blocks 30-1 dispersed
among a memory region 30-2. The area of memory region
50-2 greatly exceeds the combined areas of the PUF regions
50-1, allowing most of the integrated circuit to be employed
for normal memory functions. As discussed above, the
bottom electrodes of the MRAM devices within the PUF
regions 50-1 have larger widths than the bottom electrodes
in the memory region 50-1 1n some embodiments. One or
more of the PUF regions 50-1 can be accessed using the
bitlines and the response generated processed to determine
whether 1t 1s an expected response. Specifically, if metal 1s
resputtered at an MRAM device 1n a PUF region 50-1, the
device will be electrically shorted and exhibit very low
electrical resistance. In the absence of such metal residue,
the electrical resistance of the MRAM device will be higher.
Low electrical resistance can be defined as state 1 and
relatively high electrical resistance as state O 1n an exem-
plary embodiment. (An electrically shorted MRAM device
1s designated as state “1” in FIG. 4A while a device
exhibiting relatively high resistance 1s designated as state
“0” therein.) A PUF region 50-1 Contalmng a large array of
MRAM devices or bits will generate a unique pattern when
addressed (such as 0010111001010 . . . ). This pattern 1s
unique for a particular hardware item, Such as a waler or a
die. The pattern, being obtained by random metal residue
deposition on MRAM pillars, 1s very stable and will not be
materially influenced by external factors such as tempera-
ture.

The drawing figures as discussed above depict exemplary
processing steps/stages 1n the fabrication of exemplary
structures. Although the overall fabrication methods and the
structures formed thereby are entirely novel, certain indi-
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vidual processing steps required to implement the method
may utilize conventional semiconductor fabrication tech-
niques and conventional semiconductor fabrication tooling.
These techniques and tooling will already be familiar to one
having ordinary skill in the relevant arts given the teachings
herein. Moreover, one or more of the processing steps and
tooling used to fabricate semiconductor devices are also
described 1n a number of readily available publications,
including, for example James D. Plummer et al., Silicor
VLSI Technology: Fundamentals, Practice, and Modeling
1% Edition, Prentice Hall, 2001, which is hereby incorpo-
rated by reference herein. It 1s emphasized that while some
individual processing steps are set forth herein, those steps
are merely 1llustrative, and one skilled 1n the art may be
tamiliar with several equally suitable alternatives that would
be applicable.

It 1s to be appreciated that the various layers and/or
regions shown in the accompanying figures may not be
drawn to scale. Furthermore, one or more semiconductor
layers of a type commonly used in such integrated circuit
devices or other layers may not be explicitly shown in a
grven figure for ease of explanation. This does not imply that
the semiconductor layer(s) or other layer(s) not explicitly
shown are omitted in the actual itegrated circuit device.

Given the discussion thus far, it will be appreciated that,
in general terms, a method of fabricating MRAM structures,
includes forming a stack comprising a magnetic tunnel
junction and a top electrode layer over a substrate layer
including a plurality of bottom electrodes 24-1, 24-2 within
a dielectric layer. FIGS. 2A and 2B illustrate a dielectric
layer and a stack deposited over two regions of a waler or

a die to be formed from the water. The stack 1s etched,
thereby forming MRAM pillars 32 as illustrated 1n FIGS. 3A

and 3B. Each of the MRAM paillars 1s directly above one of
the bottom electrodes 24-1, 24-2. The MRAM pillars 32

have smaller widths than the bottom electrodes 1n a first
region 30-1 and greater widths than the bottom electrodes in
a second region 30-2. The method allows fabricating PUF
MRAM regions and memory MRAM regions simultane-
ously on the same chip, shorting some of the MRAM bits 1n
the PUF MRAM regions during 1on beam etch with random
metal back sputter.

An 1ntegrated circuit in accordance with principles of the
invention includes a first array of MRAM pillars 32 com-
prising a lirst physical unclonable function. The MRAM
pillars in the first array adjoin, respectively, a plurality of
first bottom electrodes 24-1 and have smaller widths than the
first bottom electrodes. The integrated circuit further
includes a second array of MRAM pillars comprising a
memory array. The MRAM pillars in the second array
adjoin, respectively, a plurality of second bottom electrodes
24-2. The MRAM pillars 1n the second array have larger
widths than the second bottom electrodes. A plurality of the
MRAM pillars i the first array are electrically shorted. As
discussed above, metal residue 34 on some of the MRAM
pillars 32 results 1n random electrical shorting. In some
embodiments, the first bottom electrodes 24-1 are narrower
than the second bottom electrodes 24-2. In other exemplary
embodiments, the MRAM pillars 32 1n the first array have
smaller widths than the MRAM pillars in the second array.

At least a portion of the techniques described above may
be implemented in an integrated circuit. In forming inte-
grated circuits, 1dentical dies are typically fabricated in a
repeated pattern on a surface of a semiconductor waiter. Each
die includes a device described herein, and may include
other structures and/or circuits. The individual dies are cut or
diced from the wafter, then packaged as an integrated circuait.
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One skilled 1n the art would know how to dice watfers and
package die to produce integrated circuits.

Those skilled in the art will appreciate that the exemplary
structures discussed above can be distributed in raw form
(1.e., a single wafer having multiple unpackaged chips), as
bare dies, 1n packaged form, or incorporated as parts of
intermediate products or end products that benefit from
having structures including magnetic tunnel junctions and
region(s) enabling a physical unclonable function.

The 1llustrations of embodiments described herein are
intended to provide a general understanding of the various
embodiments, and they are not intended to serve as a
complete description of all the elements and features of
apparatus and systems that might make use of the circuits
and techniques described herein. Many other embodiments
will become apparent to those skilled 1n the art given the
teachings herein; other embodiments are utilized and
derived therefrom, such that structural and logical substitu-
tions and changes can be made without departing from the
scope of this invention. It should also be noted that, in some
alternative implementations, some of the steps of the exem-
plary methods may occur out of the order noted in the
figures. For example, two steps shown 1n succession may, 1n
fact, be executed substantially concurrently, or certain steps
may sometimes be executed 1n the reverse order, depending
upon the functionality involved. The drawings are also
merely representational and are not drawn to scale. Accord-
ingly, the specification and drawings are to be regarded 1n an
illustrative rather than a restrictive sense.

Embodiments may be referred to herein, individually
and/or collectively, by the term “embodiment” merely for
convenience and without intending to limit the scope of this
application to any single embodiment or inventive concept
if more than one 1s, 1n fact, shown. Thus, although specific
embodiments have been 1llustrated and described herein, it
should be understood that an arrangement achieving the
same purpose can be substituted for the specific embodi-
ment(s) shown. Combinations of the above embodiments,
and other embodiments not specifically described herein,
will become apparent to those of skill in the art given the
teachings herein.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting. As used herein, the singular forms “a,” “an™ and
“the” are intended to 1include the plural forms as well, unless
the context clearly indicates otherwise. It will be further
understood that the terms “comprises” and/or “comprising,”
when used 1n this specification, specily the presence of
stated features, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of one or
more other features, steps, operations, elements, compo-
nents, and/or groups thereof. Terms such as “above” and
“below” and ““vertical” are used to indicate relative posi-
tioning of elements or structures to each other as opposed to
relative elevation.

The corresponding structures, materials, acts, and equiva-
lents of any means or step-plus-function elements in the
claims below are intended to include any structure, material,
or act for performing the function 1n combination with other
claimed elements as specifically claimed. The description of
the various embodiments has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the forms disclosed. Many modifications
and varnations will be apparent to those of ordinary skill 1n
the art without departing from the scope and spirit thereof.
The embodiments were chosen and described in order to
best explain principles and practical applications, and to
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enable others of ordinary skill 1n the art to understand the
vartous embodiments with various modifications as are
suited to the particular use contemplated.

The abstract 1s provided to comply with 37 C.FR. §
1.72(b). It 1s submaitted with the understanding that it will not
be used to interpret or limit the scope or meaning of the
claims. In addition, 1n the foregoing Detailed Description, 1t
can be seen that various features are grouped together 1n a
single embodiment for the purpose of streamliming the
disclosure. This method of disclosure 1s not to be interpreted
as reflecting an intention that the claimed embodiments
require more features than are expressly recited in each
claim. Rather, as the appended claims retlect, the claimed
subject matter may lie in less than all features of a single
embodiment. Thus the following claims are hereby incor-
porated into the Detailed Description, with each claim
standing on 1ts own as separately claimed subject matter.

(Given the teachings provided herein, one of ordinary skall
in the art will be able to contemplate other implementations
and applications of the techniques and disclosed embodi-
ments. Although illustrative embodiments have been
described herein with reference to the accompanying draw-
ings, 1t 1s to be understood that illustrative embodiments are
not limited to those precise embodiments, and that various
other changes and modifications are made therein by one
skilled in the art without departing from the scope of the
appended claims.

What 1s claimed 1s:

1. A method of fabricating an MRAM structure including
a physical unclonable function and a memory array, com-
prising;:

forming a stack comprising a magnetic tunnel junction

and a top electrode layer over an interlevel dielectric

layer comprising a plurality of bottom electrodes; and

forming first and second arrays of MR AM pillars from the

stack by subjecting the stack to etching, thereby:

causing the MRAM mpillars in the first array to have
smaller widths than the bottom electrodes in a first
region of the interlevel dielectric layer;

causing electrical shorting of some of the MRAM
pillars 1n the first array; and

causing the MRAM pillars 1in the second array to have
larger widths than the bottom electrodes 1n a second
region of the interlevel dielectric layer.

2. The method of claim 1, wherein the bottom electrodes
in the first region have larger widths than the bottom
clectrodes 1n the second region.

3. The method of claim 2, wherein etching the stack
turther includes etching portions of the bottom electrodes 1n
the first region of the interlevel dielectric layer.

4. The method of claim 3, wherein etching portions of the
bottom electrodes 1n the first region of the substrate layer
causes back sputtering of metal from the bottom electrodes
and random deposition of metal residue on the first array of
MRAM pillars.

5. The method of claim 4, wherein etching the stack
turther includes etching portions of the interlevel dielectric
layer 1n the second region of the substrate layer.

6. The method of claam 4, wherein etching the stack
includes 1on beam etching.

7. The method of claim 6, further including generating a
chip or waler i1dentification pattern corresponding to the
clectrical resistances of the MRAM pillars 1n the first array.
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8. The method of claam 6, further including forming
spacers adjoining, respectively, the MRAM pillars, the bot-
tom electrodes 1n the first region of the substrate layer, and
the interlevel dielectric layer in the second region of the
substrate layer.

9. The method of claim 8, further including depositing a
turther interlevel dielectric layer between the MRAM pillars
and adjoining the spacers.

10. The method of claim 1, further including causing the
MRAM pillars 1n the first array to have smaller widths than
the MRAM pillars 1n the second array.

11. An integrated circuit comprising:

a first array of MRAM pillars comprising a first physical
unclonable function, the MRAM npillars 1n the first
array adjoining, respectively, a plurality of first bottom
clectrodes, the MRAM pillars 1n the first array having
smaller widths than the first bottom electrodes; and

a second array of MRAM pillars comprising a memory
array, the MRAM pillars 1n the second array adjoining,
respectively, a plurality of second bottom electrodes,
the MRAM pillars in the second array having larger
widths than the second bottom electrodes.

12. The integrated circuit of claim 11, wherein a plurality
of the MR AM pillars 1n the first array are electrically shorted
by metal residue thereon.

13. The integrated circuit of claim 12, wherein the
MRAM pillars comprise magnetic tunnel junctions includ-
ing tunnel barrier layers, the metal residue adjoining the
magnetic tunnel junctions of the electrically shorted MRAM
pillars.

14. The integrated circuit of claim 13, wherein the first
bottom electrodes have larger widths than the second bottom
clectrodes.

15. The integrated circuit of claim 14, wherein the
MRAM npillars within the first array and within the second
array have the same widths.

16. The integrated circuit of claim 14, including one or
more further arrays of the MRAM pillars comprising one or
more further physical unclonable functions, the MRAM
pillars 1n the one or more further arrays adjoining, respec-
tively, a plurality of further bottom electrodes, the MRAM
pillars 1n the one or more further arrays having smaller
widths than the further bottom electrodes, the one or more
turther physical unclonable functions and the first physical
unclonable function being in discrete regions of the inte-
grated circuit.

17. The integrated circuit of claim 16, wherein the further
bottom electrodes have larger widths than the second bottom
clectrodes.

18. The integrated circuit of claim 11, wherein the first
bottom electrodes and the second bottom electrodes adjoin
an 1interlevel dielectric layer, the first bottom electrodes
having larger widths than the second bottom electrodes.

19. The integrated circuit of claim 18, wherein the
MRAM pillars comprise magnetic tunnel junctions compris-
ing tunnel barrier layers, the first array of MRAM pillars
including electrically shorted MRAM pillars including a
metal residue adjoining the magnetic tunnel junctions and
MRAM pillars that are not electrically shorted.

20. The mtegrated circuit of claim 11, wherein the MRAM
pillars 1n the first array have smaller widths than the MRAM
pillars 1n the second array.
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